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ABSTRACT 
CO2 will remain in supercritical (SC) state (i.e. p>7.382 MPa and T>31.04 ºC) under the 
pressure (p) and temperature (T) conditions appropriate for geological storage. Thus, it 
is usually assumed that CO2 will reach the aquifer in SC conditions. However, 
inflowing CO2 does not need to be in thermal equilibrium with the aquifer. In fact, 
surface operations are simpler for liquid than for SC CO2, because CO2 is transported in 
liquid state. Yet, problems might arise because of thermal stresses induced by cold CO2 
injection and because of phase changes in the injection tubing or in the formation. Here, 
we propose liquid CO2 injection and analyze its evolution and the thermo-hydro-
mechanical response of the formation and the caprock. We find that injecting CO2 in 
liquid state is energetically more efficient than in SC state because liquid CO2 is denser 
than SC CO2, leading to a lower overpressure not only at the wellhead, but also in the 
reservoir because a smaller fluid volume is displaced. Cold CO2 injection cools down 
the formation around the injection well. Further away, CO2 equilibrates thermally with 
the medium in an abrupt front. The liquid CO2 region close to the injection well 
advances far behind the SC CO2 interface. While the SC CO2 region is dominated by 
gravity override, the liquid CO2 region displays a steeper front because viscous forces 
dominate (liquid CO2 is not only denser, but also more viscous than SC CO2). The 
temperature decrease close to the injection well induces a stress reduction due to 
thermal contraction of the media. This can lead to shear slip of pre-existing fractures in 
the aquifer for large temperature contrasts in stiff rocks, which could enhance 
injectivity. In contrast, the mechanical stability of the caprock is improved in stress 
regimes where the maximum principal stress is the vertical.  
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1.- INTRODUCTION 
Pressure (p) and temperature (T) conditions of deep geological formations suitable for 
storing carbon dioxide (CO2) are such that this greenhouse gas remains in supercritical 
(SC) state, i.e. p>7.382 MPa and T>31.04 ºC (e.g. Bachu, 2003). Thus, it is usually 
assumed that CO2 will reach the aquifer in SC conditions (e.g. Pruess and Garcia, 
2002). However, injecting CO2 in SC state may not be the best option. Several 
engineering methodologies have been proposed as alternatives to the concept of 
injecting SC CO2. They focus on accelerating CO2 dissolution to minimize the risk of 
leakage of free-phase mobile CO2 by means of dissolving CO2 at surface (Burton and 
Bryant, 2009; Jain and Bryant, 2011; Zendehboudi et al., 2011) or at depth (Carrera et 
al., 2011b), by injecting brine at some distance from the CO2 injection well that mixes 
with the CO2 plume enhancing dissolution (Hassanzadeh et al., 2009) or by injecting 
CO2 under temporal pressure fluctuations, which enhances CO2 dissolution (Bolster et 
al., 2009). On the other hand, a few studies suggest that cold CO2 (and therefore in 
liquid state) injection may have some advantageous implications for CO2 storage 
(Rayward-Smith and Woods, 2011; Silva et al., 2011).  However, these studies are 
approximations that do not take into account the whole coupling of the thermo-hydro-
mechanical effects inherent to cold CO2 injection.   
It can be conjectured that injecting CO2 in liquid state is energetically more efficient 
than doing so in SC state and more optimal from a storage engineering point of view 
5 
 
because liquid CO2 is denser than SC CO2. Therefore, for a given mass of CO2, a 
smaller volume of formation fluid will be displaced, leading to a lower overpressure in 
the reservoir. More importantly, the increased weight of liquid CO2 in the injection well 
implies that a far lower pressure is required at the wellhead. Additionally, CO2 is 
usually transported in liquid state (pressure above 8.5 MPa and ambient temperatures 
(Figure 1)) (McCoy and Rubin, 2008). Thus, it can be injected at the conditions in 
which it arrives to the wellhead, without having to perform throttling or heating 
operations. In fact, since pressure at the wellhead is reduced, it may be smaller than 
transport pressure, which may allow recovering some energy from the incoming CO2. 
Furthermore, if pressure needs to be increased, a smaller compression work has to be 
done to inject liquid CO2 because liquid CO2 is less compressible than SC CO2. This 
compression can be performed by means of pumps without having to use compressors, 
which are much harder to operate. Despite these apparent advantages, liquid CO2 
injection has not been considered in the scientific literature and it has not been 
attempted in practice except for the case of Snøhvit, where CO2 is injected in liquid 
state at the wellhead (at 4 ºC because the wellhead, placed on the seabed at 300 m below 
the sea surface, thermally equilibrates with the sea), but reaches the reservoir, placed at 
2700 m below the seabed, in SC conditions because CO2 thermally equilibrates with the 
geothermal gradient (at 98 ºC in the reservoir) (Estublier and Lackner, 2009). This may 
reflect the fact that so far industrial operations have been associated to oil industry, 
where CO2 is obtained in gas form. It may also reflect fear to phase transitions in the 
injection equipment or in the formation, or to thermal (thermo-mechanical) stresses 
associated to a cold fluid injection. 
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Hydro-mechanical, but not thermo-mechanical, effects have been widely investigated in 
the context of geological storage of CO2 (e.g. Rutqvist et al., 2007; Ferronato et al., 
2010; Vilarrasa et al., 2010b; Goerke et al., 2011; Rutqvist, 2012). The main concern is 
to guarantee that the mechanical stability of the caprock will not be compromised in 
order to prevent CO2 leakage. Nimtz et al. (2010) argue that, when injecting liquid CO2, 
the overpressure at the bottom of the well will be too high because CO2 pressure at the 
wellhead has to be enough to ensure liquid conditions; and the hydrostatic pressure in 
the well will be also high because liquid CO2 has a density around 900 kg/m3. However, 
they do not perform any hydro-mechanical simulation to confirm their hypothesis. 
Moreover, they do not consider reducing temperature, which ensures liquid conditions 
with moderate pressures. Note that an excessive overpressure can induce 
microseismicity (Phillips et al., 2002; Guglielmi et al., 2008; Cappa and Rutqvist, 
2011), which may open up migration paths for CO2. However, since liquid CO2 is 
colder than the formations where it will be injected, liquid CO2 injection implies a 
combination of hydro-mechanical and thermo-mechanical effects that should be studied 
simultaneously to properly evaluate the caprock mechanical stability. 
The injection of a cold fluid induces a thermal contraction of the rock, leading to a 
reduction of the effective stresses (Segall and Fitzgerald, 1998), which tends to bring 
the stress state closer to failure conditions. Thermo-mechanical effects have been 
studied specially in geothermal reservoir stimulation (Ghassemi et al., 2007; Majer et 
al., 2007). The thermo-mechanical effects of injecting CO2 at a colder temperature than 
that of the reservoir have been investigated at the In Salah injection project (Algeria), 
where CO2 is injected in supercritical conditions, but significantly cooler than the 
formation (Bissell et al., 2011; Preisig and Prévost, 2011; Rutqvist, 2012). Additionally, 
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non-isothermal CO2 flow simulations have been performed, but without considering the 
mechanical coupling and always in supercritical conditions (Han et al., 2010; Singh et 
al., 2011). Therefore, the thermo-mechanical effects of liquid CO2 injection remain to 
be studied. 
We propose to inject CO2 in liquid state as a new engineering methodology for 
minimizing energy costs and phase changes in the capture-transport-injection chain, and 
improving the short- and long-term storage efficiency of CO2. This injection concept 
will be tested at the pilot site of Hontomín (Carrera et al., 2011a), Burgos, Spain, which 
is the injection site of the CO2 storage Technology Demonstration Plant (TDP) of the 
Compostilla OXYCFB300 project (EU funded: European Energy Programme for 
Recovery), operated by Fundación Ciudad de la Energía (CIUDEN). Hontomín is a 
dome-like structure with a dolomitized reservoir located at 1450 m depth, which is 
overlaid by a caprock made of marls. Several experiments are planned both for site 
characterization and for injection technology development (Carrera et al., 2011a). 
The objective of this work is to analyze liquid CO2 injection into a deep aquifer in terms 
of (1) the energetic efficiency and (2) caprock mechanical stability. This represents a 
first step towards the design of the liquid CO2 injection test that will be performed at the 
Hontomín pilot test. We calculate CO2 flow in both the injection well and the reservoir. 
We perform simulations of non-isothermal two-phase flow in a deformable porous 
media to evaluate mechanical stability of the caprock.  
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2.- MATHEMATICAL AND NUMERICAL METHODS 
We first solve CO2 injection in a vertical injection well and afterwards in a saline 
formation. The geometry of the problem consists in a homogeneous 100 m thick 
horizontal aquifer that is overlaid and underlain by a seal. The system is axisymmetric 
and extends 20 km laterally. The nature of the outer hydraulic boundary condition does 
not affect the results because the radius of the pressure perturbation cone is smaller than 
the radius of the domain for the injection time scales presented here. Therefore, the 
model behaves as an infinitely acting aquifer. The top of the aquifer is located at a depth 
of 1500 m, which corresponds to the depth of the reservoir at the Hontomín test site. 
The seals that overlay (caprock) and underlie the aquifer have a thickness of 200 m. We 
assume that the caprock is covered by a 1300 m thick overburden of such a low shear 
stiffness that does not need to be included in the model. An injection well with a radius 
of 0.15 m is placed in the center of the domain. This radius was initially planned at 
Hontomín, but has now been reduced. 
 
2.1.- NON-ISOTHERMAL FLOW IN THE INJECTION PIPE 
Flow of CO2, or any fluid, and its mixtures in non-isothermal wells involves solving the 
partial differential equation (PDE) that express energy, mass and momentum 
conservation. These PDEs are coupled through the equations of state (EOS) governing 
fluid and thermodynamic properties. Several authors describe numerical procedures to 
solve these equations (Lu and Connell, 2008; Paterson et al., 2008; Pan et al., 2009; 
Han et al., 2010).  
9 
 
Here, we adopted the approach of Lu and Connell (2008). They presented a 
methodology to solve steady state non-isothermal multiphase flow of CO2 in an 
injection well, in which the flow equations are based on the averaged-flow model (e.g. 
Brill and Mukherjee, 1999; Hasan and Kabir, 2002). We assume that the steady state 
assumption describes reasonably well the operation after the initial stages. This leads to 
a system of one dimensional ordinary differential equation (ODE) along the vertical 
coordinate, z  [L]. The number of equations of such system is five for single-phase 
conditions or twelve for two-phase conditions. The corresponding vectors of unknown 
state variables are  tThpv ,,,,x  or  tsatgsatlglgll hhssXThpv ,,,,,,,,,,, x , 
respectively, where   [M L-3] is density, v  [L T-1] is velocity of the fluid mixture, p  
[M L-1 T-2] is pressure, h  [L2 T-2] is specific enthalpy, T  [] is temperature, l  [L3 L-3] 
is volumetric liquid content, X  [M M-1] is gas mass fraction and s  [L2 T-2 -1] is 
entropy. Subscript l and g stand for liquid and gas phases, respectively; and superscript 
sat and t refer to saturation conditions and to transpose, respectively. 
Because solubility of gas into water is neglected, this approach is restricted to pure CO2 
or a multi-component gaseous mixture rich in CO2, but not a fluid mixture of water and 
gas. As explained by Lu and Connell (2008), the phase equilibrium condition is checked 
to identify the state of the fluid at a given point when solving the system of equations. If 
more than one root of the EOS exists and the Gibbs equilibrium condition applies, then 
the fluid is identified to be in a two-phase coexistence state and the size of the system is 
12. Otherwise, the fluid is in single-phase conditions and the size of the system is 5. It 
should be noted that the above model simplifies considerably when simulating the 
injection of liquid CO2, because single-phase conditions (liquid and/or supercritical) 
prevail along the entire wellbore. 
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In the approach of Lu and Connell (2008) the fluid in the injection pipe exchanges heat 
laterally with its surroundings. The heat exchange term is represented by 
   zTTURQ geop  2 ,  (1) 
where U  [M T
-3 -1] is the overall heat transfer coefficient for the injection well 
comprising the thermal properties of all the materials and fluids composing it (the 
injection fluid, the injection pipe wall, the annulus between injection pipe and casing, 
the casing, the cement and the rock), pR  is the radius of the injection pipe and  zTgeo  is 
the geothermal temperature along the wellbore. We assumed a geothermal gradient of 
0.033 ºC/m and a surface temperature of 5 ºC in all the simulations. The internal 
diameter of the injection pipe is set either at 9.0 and 15.24 cm depending on the 
injection condition. The bottom of the injection pipe is located at 1500 m, coinciding 
with the top of the aquifer for CO2 storage. 
To solve the system of flow equations, we need to specify 4 boundary conditions related 
to the primary physical quantities p , T  and v . Additionally, the gas mass fraction X  
or the volumetric liquid content l   need to be specified if injecting two-phase CO2. 
Common operational conditions of an injection well imply specifying the pressure 
and/or the flow rate and the temperature at the wellhead, and a free exit (no dispersive) 
heat flux at the well bottom. If a pressure-controlled injection condition is assumed at 
the wellhead, the corresponding flow rate and pressure at the bottom of the well can be 
specified as boundary conditions in the reservoir multiphase flow model. In fact, this 
boundary condition facilitates coupling between the injection well and the reservoir. We 
study flow through the injection well and flow in the formation separately to facilitate 
the analysis of the processes occurring in each of them in a clear way. However, we 
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couple them by choosing a pressure and temperature conditions at the wellhead, such 
that the resulting pressure and temperature conditions at the bottom of the well coincide 
with the boundary conditions of the two-phase flow simulations in the reservoir. 
As far as fluid properties are concerned, density was calculated assuming the Redlich-
Kwong EOS (Redlich and Kwong, 1949) using the parameters proposed for CO2 by 
Spycher et al. (2003). Viscosity was calculated according to the correlation of Altunin 
and Sakhabetdinov (1972). The friction factor of the fluid through the injection pipe 
was calculated according to the Blasius equation (Brill and Mukherjee, 1999; Hassan 
and Kabir, 2002). Turbulent flow can be also calculated using other empirical 
correlations that include rugosity of the pipe (e.g., Colebrook, 1939; Zigrang and 
Sylvester, 1985). 
The steady state non-isothermal multiphase flow governing equations in the injection 
pipe were programmed in MatLab. These equations were solved using a variable order 
method for stiff differential equations. The code was verified by comparison with the 
solutions presented by Lu and Connell (2008). 
 
2.2.- NON-ISOTHERMAL TWO-PHASE FLOW IN A DEFORMABLE POROUS 
MEDIUM 
Consider CO2 injection in a deep confined deformable saline formation. In general, the 
injected CO2 will not be in thermal equilibrium with the reservoir, especially at high 
flow rates (Paterson et al., 2008). To account for these processes, thermo-hydro-
mechanical coupling should be acknowledged. Therefore, mass conservation of each 
phase, energy balance and momentum balance have to be solved simultaneously. 
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2.2.1.- Fluid mass conservation equation 
Mass conservation of each phase can be expressed as (Bear 1972), 
    wcr
t
S ,       , 
   q , (2) 
where   [L3 L-3] is porosity, S  [-] is saturation of the  -phase,   [M L-3] is density, 
t [T] is time, q  [L
3 L-2 T-1] is the volumetric flux, r  [M L
-3 T-1] is the phase change 
term (i.e. CO2 dissolution into water and water evaporation into CO2) and   is either 
CO2 rich phase, c, or aqueous phase, w. For the sake of simplicity we neglect 
evaporation of water into CO2, i.e., 0wr . 
Momentum conservation is expressed using Darcy’s law, written as 
  wczgpkkr ,       ,   
q , (3) 
where k [L2] is intrinsic permeability, rk  [-] is the  -phase relative permeability,   
[M L-1 T-1] its viscosity, p  [M L
-1 T-2] its pressure and g [L T-2] is gravity. 
The properties of the aquifer and seals correspond to those of limestone and shale, 
respectively. Their values have been taken mainly from Vilarrasa et al. (2010b) and 
updated from the current knowledge on the rock properties of the Hontomín test site, 
and are detailed in Table 1. We consider the aquifer to be a permeable limestone with 
homogeneous grain size. Therefore, the entry pressure is low and the shape parameter of 
the van Genuchten (1980) retention curve is high. On the other hand, seal entry pressure 
is high, which hinders CO2 migration. Relative permeabilities follow a power law of 
saturation for both phases: the limestone has a cubic law, while the power in the seals is 
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6. The difference in the exponents reflects that low-permeability rocks usually present 
higher multiphase interference effects than high-permeability rocks (Bennion and 
Bachu, 2008). CO2 density and viscosity are highly dependent on p and T conditions 
(Garcia, 2003). 
Buoyancy effects are relevant in the CO2 plume evolution, regardless of injection 
conditions. However, when injecting liquid CO2 the density contrast between CO2 and 
brine is smaller than when injecting SC CO2. Additionally, liquid CO2 viscosity is 
higher than SC CO2 viscosity. Thus, viscous forces gain strength in front of gravity 
forces under liquid condition. This can be quantified through the gravity number, which 
compares viscous forces (evaluated for radial flow at the characteristic length) with 
buoyancy (Vilarrasa et al., 2010a) 
cm
crc
g Q
gbkkrN 
  2 , (4) 
where cr  [L] is a characteristic length, b  [L] is aquifer thickness,   [M L-3] is the 
difference between CO2 and water density and mQ  [M T
-1] is the CO2 mass flow rate. 
The characteristic length depends on the scale of interest (Kopp et al., 2009; Vilarrasa et 
al., 2010a).  
 
2.2.2.- Energy conservation equation 
Energy conservation can be written as (e.g., Faust and Mercer, 1979)  
    
  0
1




cccwww
ccwwcccwwwss
hhT
t
pSpS
t
hShSh
qq 

, (5) 
where s  [M L-3] is solid density, h  [L2 T-2] is enthalpy of  -phase ( swc ,, ; s  for 
solid)  and   [M L T-3 ] is thermal conductivity.  
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Eq. (5) includes non-isothermal processes, such as Joule-Thomson effect (Tsang et al., 
2008), heat of CO2 dissolution and water evaporation (Han et al., 2010) and 
compression work due to the high compressibility of CO2. We consider all these 
processes, except water evaporation.  
 
2.2.3.- Thermoelasticity in porous media 
To solve the mechanical problem, the momentum balance of the porous media has to be 
satisfied. If inertial terms are neglected, it reduces to the equilibrium of stresses 
0bσ  , (6) 
where σ  [M L-1 T-2] is the stress tensor and b  [M L-2 T-2] is the body forces vector.  
Furthermore, we assume that the medium behaves elastically. In fact, we use linear 
thermoelasticity to acknowledge the effect of changes in fluid pressure and temperature. 
Therefore, assuming that the compressibility of the solid phase is negligible compared 
to that of the drained bulk material (so Biot’s coefficient, which multiplies pressure in 
the effective stress equation, equals 1), elastic strain depends on total stress, 
overpressure and temperature as (Biot, 1956) 
IIIσε Tp
EEE Tm
  2131 , (7) 
where ε  [L L-1] is the strain tensor,   3zyxm    [M L-1 T-2] is the mean 
stress, I  [-] is the identity matrix, E [M L-1 T-2] is the Young’s modulus,   [-] is 
Poisson ratio and T  [] is the thermal expansion coefficient. Here, the sign criterion 
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of geomechanics is adopted, i.e. strain is positive in compression and negative in 
extension. 
The simulations that will be shown in section 4 suggest that the temperature 
perturbation is localized within a relatively small volume of the formation close to the 
injection well, thus acting spherically. However, the fluid pressure perturbation 
propagates a long distance in the direction of the aquifer, but not in the perpendicular, 
thus acting anisotropically. Therefore, an approximate estimate of stress changes can be 
obtained by assuming that stresses vary isotropically with temperature changes and that 
no horizontal strain is allowed in the outer boundary as a result of lateral confinement. 
This leads to a variation of the vertical and horizontal stresses as a result of fluid 
pressure and temperature variations as 
  T
Eσ Tv  21 , (8a) 
  T
Epσ Th 
 

211
21 , (8b) 
where v  [M L-1 T-2] is the vertical stress and h  [M L-1 T-2] is the horizontal stress. 
Eq. (8b) shows that an increase in pore pressure and/or temperature, which produces an 
expansion of the porous media, causes an increase of horizontal stresses because of 
lateral confinement that opposes to the induced expansion. On the other hand, a 
decrease in temperature, which produces a contraction of the porous media, causes a 
decrease of horizontal stresses. Notice that pressure variations do not affect much the 
total vertical stress, which remains largely lithostatic for our problem set up, as 
discussed below. 
16 
 
 
2.2.4.- Model setup 
The initial conditions are hydrostatic pressure; temperature following a geothermal 
gradient of 0.033 ºC/m, with a surface temperature of 5 ºC; a vertical stress gradient of 
0.023 MPa/m. The value of the lateral earth pressure coefficient at the Hontomín test 
site cannot be determined from the existing data. The geological indicators suggest a 
normal faulting stress regime, i.e. a lateral earth pressure coefficient lower than 1.0, but 
its actual value will not be possible to determine until drilling of the wells. To address 
this uncertainty, we adopt horizontal effective stresses corresponding to a lateral earth 
pressure coefficient of either 0.5 (vertical stress larger than horizontal stresses) or 2.0 
(horizontal stresses larger than vertical stress). As a first step, a steady-state calculation 
is carried out to ensure consistent initial conditions in equilibrium for the pressure, 
temperature and stress fields.  
The hydraulic boundary conditions are a prescribed CO2 mass flow rate at the injection 
well (1.0 Mt/yr), a constant pressure on the outer boundary and no flow at the top and 
bottom boundaries. The thermal boundary conditions are constant temperature at the top 
and bottom boundaries of the domain. Neither pressure nor thermal perturbations reach 
the top and bottom boundaries, so the nature of these boundary conditions does not 
affect the results. The mechanical boundary conditions are no displacement normal to 
the bottom, outer and injection well boundaries. A constant, vertical lithostatic stress is 
imposed at the top of the caprock. 
The mesh is made of structured quadrilateral elements. Laterally, the size of the 
elements is of tens of cm close to the injection well and increases exponentially up to a 
longitudinal size of 400 m next to the outer boundary. Vertically, the elements within 
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the aquifer are of 5 m. In the caprock, they grow from 5 m at the contact with the 
aquifer to 25 m far away from it.  
Non-isothermal CO2 injection in a deformable porous media is simulated using the 
finite element numerical code CODE_BRIGHT (Olivella et al., 1994, 1996). We have 
implemented CO2 properties, such as density, viscosity, enthalpy and heat capacity, 
discussed in sections 2.2.1 and 2.2.2, in order to simulate CO2 storage. Furthermore, we 
have incorporated in the energy conservation the term of CO2 volumetric compression 
due to pressure changes (second term of Eq. (5)), maintaining temperature as the state 
variable.  
 
2.3.- MECHANICAL STABILITY 
To determine whether a pre-existing fracture is stable or not, a failure criterion needs to 
be defined. The medium is stable and behaves elastically while the stress state falls 
inside the failure envelope. However, if the stress state touches the failure envelope, the 
rock yields, producing a microseismic event. We adopt the Mohr-Coulomb failure 
criterion 
  tannc , (9) 
where   [M L-1 T-2] is the shear stress, n   [M L-1 T-2] is the normal effective stress, c  
[M L-1 T-2] is cohesion and   [-] is the friction angle. 
The effective stress tensor, considering the sign criterion of geomechanics, i.e. stress 
and fluid pressure are positive in compression, is defined as 
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Iσσ p , (10) 
where σ  [M L-1 T-2] is the effective stress tensor and  cw ppp ,max  [M L-1 T-2] is 
fluid pressure. 
We assume an axisymmetric initial stress state in which the horizontal effective stress is  
vh k   0 , (11) 
where 0k  [-] is the lateral earth pressure coefficient. The stress regime has a great effect 
on the caprock failure mechanisms (Rutqvist et al., 2008; Vilarrasa et al., 2011b). 
Therefore, the effect of 0k  should be investigated. 
Let us assume that a fracture exists with a dip angle   [-] (Figure 2). If we assume that 
the fracture is cohesionless, the mobilized friction angle can be calculated from Eq. (9) 
considering the stress changes induced by overpressure and temperature changes (Eq. 
(8)) in the normal effective stress and the shear stress that act on this pre-existing 
fracture, which yields 
      
          TEpk pk Tv vmob  
 

211sin121sin11
2sin12115.0tan 22
00
00  (12)  
where 0v   [M L-1 T-2] is the original vertical effective stress, i.e. prior to pore pressure 
and temperature changes. The mobilized friction angle is a measure of how close to 
failure is the fracture. The closer the mobilized friction angle is to the actual friction 
angle, the closer to failure is the fracture. 
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It can be demonstrated geometrically by using the Mohr circle to represent the stress 
state that the dip angle of the most critically oriented fracture, cr , is related to the 
friction angle of the fracture by 
1 if     ,
24 0
 kcr  , (13a) 
1 if     ,
24 0
 kcr  . (13b) 
Assuming that a cohesionless fracture exists in the critical dip angle, the overpressure 
that will produce failure of this pre-existing fracture for a given friction angle, depth, 
lateral earth pressure coefficient and temperature change is 
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Alternatively, the temperature change that will produce failure of this pre-existing 
cohesionless fracture for a given friction angle, depth, lateral earth pressure coefficient 
and overpressure is 
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3.- NON-ISOTHERMAL CO2 FLOW IN THE INJECTION WELL 
We consider several operational conditions at the wellhead to compare the feasibility 
and energy consumption of the proposed injection concept with other schemes. We use 
the methodology of Section 2 to simulate non-isothermal multiphase flow of CO2 
through the injection well in gas, supercritical and liquid phase. 
3.1.- CO2 BEHAVIOR IN THE INJECTION WELL 
Table 2 displays the pressure and temperature values for five injection conditions at the 
wellhead: gas-phase, near-critical point, supercritical phase, liquid-phase at high 
pressure and temperature and liquid-phase at low pressure and temperature. A mass 
flow rate of 1.5 kg/s, which corresponds to an injection rate typical of a pilot site 
(injection rates ranging from 0.05 to 2.0 kg/s will be tested at Hontomín), and an overall 
heat transfer coefficient of 10U  W m-2 K-1, were considered in the simulations. The 
assumed value of U  is representative of a typical injection well formed by the cement, 
a steel casing, an annular space filled with brine, a steel injection pipe and the CO2 
within the pipe (e.g., Lu and Connell, 2008; Brill and Mukherjee 1999). In practice, this 
value will drop with time as the rock surrounding the well cools downs, which has been 
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neglected here, but will be addressed in the sensitivity analysis. Figure 3 displays the 
temperature, pressure and density profiles obtained for each injection conditions. 
Figure 3 shows that injection in gas and supercritical phase conditions causes a 
distribution of low densities along the wellbore. Injecting gaseous CO2 in near-critical 
point conditions causes a two-phase flow pattern within the injection pipe near the 
surface (in the first 50 m). It should be noted that phase changes always lead to higher 
head losses in pipes. This two-phase flow behavior is associated with a change in the 
slope of the temperature profile when the fluid becomes supercritical. The resulting 
change of phase leads to higher densities through the injection pipe than those obtained 
when injecting in gas and supercritical phase conditions.  
In contrast, the injection of CO2 in liquid-phase conditions leads to a high CO2 density, 
which is comparable to that of brine, along the entire injection pipe. CO2 temperature 
stays nearly constant through a long section of the pipe and then increases slightly due 
to heat exchange with the surroundings. Actually, when injecting at high pressure and 
temperature, the fluid undergoes a small cooling in the upper portion because of the heat 
exchange with the geological media. On the other hand, CO2 pressure at the bottom of 
the well becomes very high, around 20 MPa for this particular injection conditions, 
because the injection at the wellhead is made at high pressure. However, a smaller 
overpressure can be obtained at the bottom of the well by injecting liquid CO2 at low 
pressure and temperature, resulting in a CO2 pressure similar to that obtained when 
injecting in near-critical conditions, i.e. around 17 MPa. 
The overall heat transfer coefficient is a parameter that depends on the different thermal 
properties of the materials and fluids involved in the injection well (cement, casing, 
tubing, etc.). U  is also time dependent and for high temperature it depends on 
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temperature as well. U  can be calculated according to the methods described in 
Willhite (1967), Brill and Mukherjee (1999), and Hasan and Kabir (2002). As the 
overall heat transfer coefficient can take a wide range of values, we analyze the 
sensitivity of results to this parameter. Injection temperature and pressure were set at 5 
ºC and 4.2 MPa, respectively. Figure 4 displays the results obtained when varying U  
between 0.1 and 1000 W m-2 K-1. Conditions reached by the fluid at the bottom of the 
well are supercritical for high values of the overall heat transfer coefficient ( U = 100, 
1000 W m-2 K-1), which induce a thermal equilibrium between the fluid and the 
geological media. It is evident that the fluid within the injection pipe receives less heat 
from its surroundings by enhancing the thermal insulation of the wellbore, i.e. reducing 
U . This helps keeping low temperatures through the injection pipe (Figure 4a), 
leading to CO2 density values that approach those of water density (Figure 4c).  
Sensitivity to injection temperature is displayed in Figure 5, which depicts the 
temperature, pressure and density distributions along the injection well for five injection 
temperatures and a wellhead pressure of 4.2 MPa. The overall heat transfer coefficient 
and the CO2 mass flow rate were set at 10.0 W m-2 K-1 and 1.5 kg/s, respectively. A 
reduction in the injection temperature of 25 ºC (with respect to 5 ºC) causes a density 
increase of only 7% at the bottom of the injection pipe, while the pressure increase is 
lower than 2.0 MPa.  
To compare SC CO2 injection with injection of liquid CO2 at industrial scale we also 
run two additional simulations for a CO2 injection mass flow rate of 1.0 Mt/yr. 
Operational conditions and parameters for each case are shown in Table 3. We consider 
here the overall heat transfer coefficient as a design parameter (e.g., it can be modified 
by choosing appropriate materials: steel for high values of U ; or fiber glass or 
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insulating fluid, such as silicone, for low values of U ) such that the differences in the 
overall heat transfer coefficient can be representative of different dimensions of the 
wellbore (e.g. diameter of injection pipe), different construction materials, different type 
of cements, use of isolating mechanisms, and variations induced by the dynamic of the 
operation before achieving steady state conditions. In these simulations we have 
assumed a value of U  that ensure liquid conditions along the whole injection pipe in 
one case, and allows to control the bottom pressure in the case of SC CO2 injection.  
The pressure, temperature and density profiles obtained for each injection strategy are 
shown in Figure 6. When injecting SC CO2 the temperature at the bottom of the well is 
around 56 ºC, which corresponds to the mean temperature of the aquifer placed at 1500 
m depth considered in our simulations. In contrast, injecting CO2 in liquid conditions 
along the entire injection pipe yields a temperature at the bottom of the well around 20 
ºC. Pressure at the bottom of the well is approximately 17 MPa in both cases, whereas 
the wellhead pressure in the liquid case is about one third of that in the supercritical 
case. These downhole fluid conditions are consistent with the boundary conditions in 
the simulation of CO2 injection presented in Section 4. 
 
3.2.- ENERGY CONSUMPTION ANALYSIS 
At pilot sites, CO2 is often stored in vessels at very low temperatures (≈ -20 ºC) and 
pressures in the order of 2.0 MPa. The energy consumption associated to surface 
conditioning operations, such as compression, pumping and heating, will vary for each 
injection mode. Normally, to obtain the desired pressure and temperature conditions for 
injection, CO2 is first pumped/compressed and then heated. To analyze the energy 
consumption of these operations we can use macroscopic energy balances. For 
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negligible heat transfer with the surroundings and no appreciable kinetic and potential 
energy effects, the energy rate balance reduces, at steady state, to the work input per 
unit of mass flowing through a compressor or a pump as the specific enthalpy difference 
between the exit and the inlet of the compressor/pump (Moran et al., 2011). A similar 
estimation can be made to calculate the energy demand during heating. Therefore, the 
total energy consumed to reach the injection conditions can be roughly estimated by the 
difference of specific enthalpy between wellhead and storage vessel conditions.  
Table 2 includes the energy consumption of the five injection modes, calculated 
assuming that the pressure and temperature of the storage vessel are 2.0 MPa and -20 
ºC, respectively. Table 2 shows that the energy consumption is higher when injecting 
CO2 in gas-phase, near-critical and supercritical conditions at the wellhead. On the other 
hand, and as expected, injecting CO2 in liquid-phase at the wellhead reduces the energy 
consumption because pumping/compression is easier and heating is minor. The 
injection of liquid CO2 at low temperature and pressure involves the lowest energy 
consumption. For a given injection pressure (Figure 5), energy consumption due to 
heating at the surface decreases as the wellhead temperature decreases (considering a 
storage temperature of -20 ºC). Figure 7 shows that, at pilot scale, injecting at low 
temperatures may involve an energy saving in the order of 300 %. Notice also, that 
depending on local conditions, transport pressure may be higher than required for 
injection, which would allow recovering some energy. Energy recovery would be 
largest for cold, low pressure, liquid injection.  
The energy consumption for a CO2 mass flow rate of 1.0 Mt/yr, assuming the surface 
storage pressure and temperature conditions of the pilot test site of Hontomín (2.0 MPa 
and -20 ºC), is 7910 kW for SC CO2 injection, while it is just of 675 kW for liquid CO2 
25 
 
injection. However, a fairer comparison for such a high mass flow rate should consider 
pressure and temperature values resulting from transport through a long CO2 pipeline. 
CO2 transport and injection scenarios simulated by Nimtz et al. (2010) showed that CO2 
can arrive at the injection site at 8.5 MPa and 12 ºC. Thus, to get the injection 
conditions shown in Table 3, SC CO2 injection would require a combination of heating 
and throttling, while cold CO2 injection would require cooling and expansion (see 
Figure 8). Furthermore, energy could be produced in the CO2 expansion by passing the 
expanding CO2 through a turbine. Based on these hypothetical conditioning operations, 
the resulting energy cost is 5820 kW and -1415 kW for SC and liquid CO2 injection, 
respectively (the negative sign indicates that energy can be produced). Interestingly, if 
CO2 is injected at the wellhead conditions proposed by Nimtz et al. (2010) in their 
application, i.e. 8.5 MPa and 12 ºC at the end of the pipeline and a mass flow rate of 
117.3 kg/s distributed in 60 injection wells (1.95 kg/s in each well), CO2 would reach 
the aquifer at 17.5 MPa and 35 ºC. Since the bottom hole pressure is similar to that of 
the reservoir simulation (see Section 4), CO2 could be injected directly from the 
pipeline without any conditioning operation. Therefore, both at pilot and industrial 
scales injecting CO2 in liquid phase conditions leads to a much lower energy demand. 
The results of the simulations presented in this section show that it is possible to inject 
CO2 in dense liquid-phase by controlling the operational variables, which could lead to 
a significant reduction of the operational energy costs. 
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4.- THERMO-HYDRO-MECHANICAL EFFECTS OF LIQUID CO2 
INJECTION 
4.1.- THERMAL EFFECTS ON CO2 PLUME EVOLUTION 
Liquid CO2 is denser and more viscous than SC CO2. This means that gravity forces 
lose strength in front of viscous forces, which leads to a steeper CO2-brine interface 
close to the injection well (Figure 9), where CO2 remains in liquid state (Figure 10a). 
Further away, where CO2 reaches SC conditions, the CO2 plume evolution is 
characterized by gravity override (Nordbotten et al. 2005; Dentz and Tartakovsky, 
2009; Vilarrasa et al., 2010a) (Figure 9). The thermal transition is abrupt (Figure 10b). 
Once cold liquid CO2 enters in the aquifer, it heats up until thermal equilibrium is 
reached, so that CO2 evolves to SC conditions as it flows away from the well. 
Therefore, the liquid CO2 region is much smaller than the whole CO2 region. This leads 
to a steep liquid CO2 front (where viscous forces dominate gravity forces) that advances 
behind the typical CO2 plume interface (where gravity forces dominate viscous forces).  
Apart from the cold CO2 injection, several processes affect the temperature distribution 
of the CO2 plume. There is an interaction between: (1) the warmer CO2 placed at the 
bottom of the aquifer, which flows upwards along the interface, (2) the colder brine 
placed at the top of the aquifer, which flows downwards along the interface, (3) CO2, 
which cools down as it advances away from the injection well due to the Joule-
Thomson effect and (4) temperature increases due to the exothermal reaction of CO2 
dissolution into the brine. The net result of these processes is a slight temperature 
increase in the SC CO2 region (Figure 10b).  
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Figure 11a shows that injection pressure for liquid CO2 is slightly smaller than that of 
SC CO2 because a higher CO2 density reduces the volumetric flow rate and therefore the 
pressure buildup around the well. This is energetically advantageous, because a smaller 
compression work has to be done to inject the same amount of CO2. Furthermore, the 
overpressure in the whole aquifer becomes smaller (Figure 11b), which improves the 
mechanical stability of the caprock.  
 
4.2.- MECHANICAL RESPONSE TO LIQUID CO2 INJECTION 
These pressure and temperature changes induce strain and stress changes. Figure 12 
displays the horizontal and vertical displacements of SC and liquid CO2 injection. Since 
fluid pressure distribution is quite similar in both injections (recall Figure 11), the 
differences in displacements will be due to thermal effects. SC CO2 injection 
(isothermal) produces a vertical expansion of the aquifer, pushing upwards the caprock 
and slightly downwards the seal placed below the aquifer. Laterally, SC CO2 injection 
pushes the aquifer away from the injection well. However, liquid CO2 injection 
generates a cold region around the injection well that undergoes thermal contraction. 
This is reflected in both the vertical and horizontal displacement. Vertically, the caprock 
moves downwards and the seal below the aquifer moves upwards close to the injection 
well. Similarly, the aquifer is displaced towards the injection well in the cold region, 
presenting the maximum negative horizontal displacement at the cold temperature front. 
Nevertheless, the thermal effect occurs close to the injection well, where cold CO2 stays 
in liquid state (recall Figure 10b). Further away, the aquifer expands, both vertically and 
horizontally, due to overpressure. 
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Figure 13 displays total stress changes as a function of depth 3 m away from the 
injection well after 8 months of injecting liquid and SC CO2. The stress change is 
almost symmetric with respect to the middle of the aquifer. The vertical stress remains 
practically unaltered when injecting SC CO2. However, it is reduced as a result of 
temperature drop when injecting liquid CO2, with the maximum stress reduction in the 
middle of the aquifer. The stress reduction is also significant in the region of the seals 
affected by the temperature reduction (recall Figure 10b). The horizontal stresses 
increase in the aquifer because of lateral confinement that opposes to the expansion 
caused by CO2 injection. The stress reduction due to thermal contraction of the rock 
superimposes to this horizontal stress increment, resulting in a stress reduction in the 
aquifer when injecting liquid CO2. The stress reduction due to thermal contraction of 
the rock is similar in magnitude in the vertical and horizontal directions. The fact that 
vertical stresses decrease in the aquifer produces an increase of the horizontal stresses in 
the seals close to their contact with the aquifer. This can be explained by an arch effect 
that is formed around the volume with vertical stress reduction to be able to support the 
overburden on top of the aquifer.    
The volume where CO2 stays in liquid state has equilibrated with the rock and 
formation water, thus displaying a homogeneous temperature and the transition to the 
geothermal temperature of the aquifer is abrupt (Figure 10b). Therefore, the rock 
affected by the effective stress reduction due to thermal contraction of the rock presents 
a homogeneous stress reduction (Figure 13) that is proportional to the temperature drop, 
the linear thermal expansion coefficient and the bulk modulus of the rock (Eq. (8)). 
Thus, the thermal effect will dominate for large temperature contrasts and in stiff rocks. 
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4.3.- MECHANICAL STABILITY RELATED TO LIQUID CO2 INJECTION 
Fluid injection induces an effective stress reduction that brings the stress state closer to 
the failure envelope. Furthermore, if the fluid is colder than the formation, a thermal 
contraction of the rock will occur, further reducing the effective stresses. However, 
liquid CO2 injection benefits from a lower overpressure for a given mass flow rate 
(Figure 11). Therefore, coupled thermo-hydro-mechanical effects of liquid CO2 
injection are non-trivial and should be evaluated simultaneously to properly assess the 
mechanical stability of the aquifer and the caprock. 
Figure 14 compares the mobilized friction angle along the vertical at a radial distance of 
3 m away from the injection well when injecting liquid and SC CO2 for two values of 
the lateral earth pressure coefficient. The mobilized friction angle in the aquifer is 
higher for liquid CO2 injection than for SC CO2 injection. However, the opposite occurs 
at the seals close to their contact with the aquifer when injecting liquid CO2 for a lateral 
earth pressure coefficient of 0.5 (Figure 14a). This is because when the lateral earth 
pressure coefficient is lower than 1.0, the maximum principal stress is the vertical. 
Therefore, if the vertical stress is reduced and the horizontal stress increases (recall 
Figure 13), the Mohr circle becomes smaller, leading to a more stable situation with a 
smaller mobilized friction angle. The opposite occurs in the aquifer, where the vertical 
and horizontal stresses are reduced and therefore the Mohr circle shifts to the left, 
mobilizing higher friction angles. On the other hand, a lateral earth pressure coefficient 
higher than 1.0 implies a vertical stress smaller than the horizontal stresses. In this 
situation, a decrease in the vertical stress higher than in the horizontal stress makes the 
Mohr circle bigger, mobilizing higher friction angles (Figure 14b). This trend is only 
altered in the aquifer close to the contact with the seals, where the reduction in 
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horizontal stress is higher than in vertical stress, leading to a local minimum of the 
mobilized friction angle in the aquifer.  
If the mobilized friction angle becomes higher than the actual friction angle, shear slip 
of critically oriented pre-existing fractures will occur, which would trigger microseismic 
events. The effect of shear slip can be advantageous while it takes place within the 
aquifer, because it will enhance permeability, especially in the direction perpendicular 
to shear due to dilatancy (Yeo et al., 1998; Mallikamas and Rajaram, 2005; Vilarrasa et 
al., 2011a), thus increasing injectivity. However, if it extends to the caprock, the open-
up of fractures can lead to CO2 leakage. Liquid CO2 injection increases significantly the 
mobilized friction angle in the aquifer (Figure 14), but it improves caprock stability. 
This could be even advantageous for the energetic efficiency of this injection concept, 
because an increase in injectivity due to shearing of pre-existing fractures would lead to 
a lower injection pressure. Nevertheless, caprock stability should be carefully 
investigated for large temperature contrasts and in stiff rocks because fracture instability 
could propagate from the aquifer to the lower part of the caprock.  
Since thermo-hydro-mechanical simulations have an extremely high computational cost, 
it is unfeasible to carry out a large number of them. Therefore, we use the analytical 
expressions of Eqs. (14) and (15) to gain insight into the injection conditions that can 
yield fracture instability in the aquifer in its contact with the caprock. Figure 15a 
displays the overpressure normalized by the effective lithostatic stress that is needed to 
induce a microseismic event at the top of an aquifer placed at 1500 m depth when 
injecting cold CO2 as a function of the friction angle for several temperature changes for 
a lateral earth pressure coefficient of 0.5 and a Poisson ratio of 0.3 using Eq. (14). 
Obviously, the aquifer can support higher overpressures as its friction angle increases. 
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But microseismicity is induced within the reservoir by lower overpressures when the 
temperature contrast increases because the stresses are reduced (Eq. 8). Furthermore, the 
stiffer the rock, the lower the overpressure needed to reach the failure envelope within 
the aquifer for a given temperature change.  
Figure 15b displays the temperature change that is needed to induce a microseismic 
event at the top of an aquifer placed at 1500 m depth when injecting cold CO2 as a 
function of the friction angle for several overpressures for a lateral earth pressure 
coefficient of 0.5 and a Poisson ratio of 0.3 using Eq. (15). The maximum acceptable 
temperature change for a given overpressure increases with the friction angle. 
Furthermore, the stiffer the rock, the smaller the temperature change required for 
inducing microseismicity within the reservoir for a given overpressure. Figure 15 can be 
used as a reference to assess the feasibility of injecting liquid CO2 at a given site, once 
the stiffness of the rock and the temperature change are known. Since there are 3D 
effects that have not been considered in the analytical treatment of the problem, Figure 
15 should be used only for guidance. However, its use is strongly recommended as a 
preliminary analysis of the suitability of liquid CO2 injection at a given site because 
they avoid performing coupled thermo-hydro-mechanical simulations, which imply a 
high computational cost. 
 
6.- CONCLUSIONS 
We propose injecting CO2 in liquid state rather than supercritical. This is favourable for 
several reasons: (1) this injection strategy is energetically advantageous, (2) no 
transformation operation or low energy consumption conditioning operations are 
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necessary, (3) a smaller compression work at the wellhead  is necessary because of the 
smaller compressibility of liquid CO2, (4) since liquid CO2 is denser than SC CO2, 
liquid CO2 injection not only requires a much lower pressure at the wellhead, but also 
induces a slightly lower overpressure within the aquifer because a smaller amount of 
fluid is displaced and (5) the caprock mechanical stability is improved.  
Although relatively simple as a concept, the implementation of the operation may 
require a thorough design of conditioning systems (e.g. throttling, heating or cooling) to 
get the injection conditions. Nevertheless, the system is relatively easy to control 
because direct control variables are the injection temperature and pressure. Additionally, 
the system may be indirectly controlled by a suitable design of the wellbore materials 
(e.g. cement, casing) to reduce the heat transfer between the pipe and the surroundings, 
thus ensuring that the CO2 remains in liquid state along the entire injection pipe. Since 
the temperature at which CO2 will reach the aquifer will be lower than that of the 
aquifer, non-isothermal simulations should be performed to reproduce realistic injection 
conditions. 
As for the mechanical stability of the rocks, the thermal effect can be pronounced for 
large temperature contrasts and stiff rocks. Thermal contraction mobilizes higher 
friction angles in the aquifer, which could lead to shear slip of pre-existing fractures. 
The effect of shear slip can be advantageous while it takes place within the aquifer, 
because it enhances permeability and thus CO2 injectivity. Interestingly, the mobilized 
friction angle in the seals is not increased when injecting liquid CO2 and it is even 
reduced in stress regimes where the maximum principal stress is the vertical.  
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TABLES 
Table 1. Material properties used in the thermo-hydro-mechanical analysis of liquid 
CO2 injection. 
Property Aquifer Seal 
Permeability, k (m2) 10-13 10-18 
Relative water permeability, rwk  3wS  
6
wS  
Relative CO2 permeability, rck  3cS  
6
cS  
Gas entry pressure, 0p  (MPa)  0.02 0.6 
van Genuchten m 0.8 0.5 
Porosity 0.1 0.01 
Young’s modulus, E (GPa) 2.5 5.0 
Poisson ratio,   0.3 0.3 
Thermal conductivity,   (W/m/K) 1.5 1.5 
Specific heat capacity, pc  (J/kg/K)  874 874 
Thermal expansion coefficient, T  (ºC-1) 10-5 10-5 
 
Table 2. Several CO2 injection conditions at the wellhead ( 5.1injQ  kg/s, geothermal 
gradient  = 0.033 ºC/m, 5.4pR  cm, 10U  W m-2 K-1) and their estimated 
compression energy consumption. 
Injection conditions at the wellhead T, ºC p, MPa Energy consumption, kW 
Gas-phase 35 6.5 409.6 
Near-critical point 31 7.0 368.2 
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Supercritical phase 40 8.0 361.9 
Liquid-phase (high T and p) 25 8.0 154.7 
Liquid-phase (low T and p) 5 4.2 83.6 
 
Table 3. Operational conditions and parameters for CO2 injection in SC and liquid state 
at industrial scale (1.0 Mt/yr) 
Variable or parameter SC CO2 injection Liquid CO2 injection 
p, MPa 7.5 2.7 
T, ºC 37.0 -10.0 
pR , cm 4.5 7.62 
U , W m
-2 K-1 300 125 
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FIGURES 
 
Figure 1. CO2 phase diagram. CO2 is a gas in the atmosphere. Pipeline transportation is 
done in liquid CO2 conditions and geological storage stays in supercritical CO2 
conditions. 
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Figure 2. An arbitrary preexisting fracture in a porous media under an axisymmetric 
stress state. 
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Figure 3. Non-isothermal flow of CO2 through an injection well: temperature (a), 
pressure (b) and density (c) profiles. Comparison between different injection 
conditions at the wellhead (gas-, supercritical- and liquid-phase) ( 5.1injQ  kg/s, 
geothermal gradient = 0.033 ºC/m, 5.4pR  cm, 10U  W m-2 K-1). 
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Figure 4. CO2 injection in liquid-phase at the wellhead. Sensitivity analysis to the 
overall heat transfer coefficient U . Temperature (a), pressure (b) and density 
(c) profiles. ( 5.1injQ  kg/s, geothermal gradient = 0.033 ºC/m, 5.4pR  cm, 
0.5injT  ºC, 2.4injp  MPa). 
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Figure 5. Effect of injection temperature on liquid-phase CO2 injection. Distributions of 
temperature (a), pressure (b) and density (c). 
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Figure 6. Comparison between SC CO2 injection (dashed line) and liquid CO2 injection 
at industrial scale (1.0 Mt CO2/yr). Distributions of temperature (a), pressure (b) 
and density (c). 
 
 
 
50 
 
Tinj, ºC
-20 -15 -10 -5 0 5 10
C
om
pr
es
si
on
 w
or
k,
 k
W
20
40
60
80
100
 
Figure 7. Energy consumption to get the temperature of injection Tinj for CO2 injection 
in liquid-phase ( 5.1injQ  kg/s, 2.4injp  MPa) when CO2 is stored in vessels at 
-20 ºC and 2.0 MPa. 
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Figure 8. CO2 diagram with the pressure-temperature trajectories of the surface 
operations, in the injection well and inside the aquifer for the Hontomín surface 
storage conditions and for a hypothetical CO2 transportation in a pipeline at 
industrial scale with an injection rate of 1 Mt/yr. 
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Figure 9. CO2 plume after 1 year of injecting 1 Mt/yr of CO2 in (a) liquid and (b) 
supercritical state. 
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Figure 10. (a) CO2 density and (b) temperature after 8 months of liquid CO2 injection. 
CO2 remains in liquid state close to the injection well, leading to a steep front 
because viscous forces dominate gravity forces. Once the CO2 thermally 
equilibrates with the medium (in a sharp front), CO2 stays in SC state, leading to 
a CO2 plume interface dominated by gravity forces.  
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Figure 11. (a) Overpressure evolution at the top of the aquifer in the injection well for 
liquid and SC CO2 injection and (b) fluid pressure at the top of the aquifer as a 
function of radial distance from the injection well after 1 yr of injection. 
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Figure 12. Horizontal and vertical displacements of (a) supercritical and (b) liquid CO2 
injection. Fluid injection pushes the formation laterally and expands it vertically. 
When injecting cold CO2, the thermal contraction of the rock is superimposed to 
the hydraulic effect. The arrows indicate the direction of the displacement. 
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Figure 13. Changes in total stress as a function of depth 3 m away from the injection 
well for liquid and SC CO2 injection after 8 months of injection. 
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Figure 14. Mobilized friction angle along the vertical for liquid and SC CO2 injection 3 
m away from the injection well after 8 months of injection for a lateral earth 
pressure coefficient of (a) 0.5 and (b) 2.0. The Mohr circles at depths 1495 m 
(caprock) and 1595 m (aquifer) are included. 
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Figure 15. (a) Overpressure normalized by the effective lithostatic stress and (b) 
temperature drop that is needed to induce a microseismic event at the top of an aquifer 
placed at 1500 m depth when injecting CO2 at several temperatures and overpressures, 
respectively, as a function of the friction angle for a lateral earth pressure coefficient of 
0.5 and a Poisson ratio of 0.3 given by Eq. (14) and (15) respectively. 
